Three tri-substituted spermidines, di-p-coumaroyl-caffeoylspermidine, tri-caffeoylspermidine and tri-p-coumaroylspermidine, isolated from pollen of Quercus alba, were examined for antifungal activity. Both di-p-coumaroyl-caffeoylspermidine and tri-p-coumaroylspermidine reduced mycelial growth of the oat leaf stripe pathogen, Pyrenophora avenae and reduced powdery mildew (Blumeria graminis f. sp. hordei) infection of barley seedlings when applied as a post-inoculation treatment. When used as a pre-inoculation treatment, only di-p-coumaroylcaffeoylspermidine reduced powdery mildew infection significantly. Growth of P. avenae in the presence of 100 WM di-p-coumaroylcaffeoylspermidine reduced activity of S-adenosylmethionine decarboxylase (AdoMetDC), and led to a reduction in the incorporation of labelled ornithine into spermidine. The other two spermidine conjugates increased AdoMetDC activity and the flux label from ornithine into spermine in P. avenae significantly. ß
Introduction
Hydroxycinnamic acid amides (HCAs) of the di-and polyamines are widely distributed in higher plants [1] . They are particularly associated with reproductive structures and a number of workers have isolated them from pollen. Thus, di-substituted hydroxycinnamoylspermidines were described from the pollen of Quercus dentata [2] , but HCAs are also found in other plant tissues and have for some time been associated with plant-pathogen interactions [3] . Most of this work relates to the possible involvement of HCAs in the hypersensitive response of the host to virus infection [4, 5] , but some reports suggest an involvement of HCAs in interactions between plants and fungal pathogens [6, 7] . As part of a programme of work studying the possible involvement of HCAs in plant resistance to fungal infection, it was decided to examine the antifungal activity of HCAs. Here we report the e¡ects of three tri-substituted hydroxycinnamic acid spermidines, dip-coumaroyl-ca¡eoylspermidine, tri-ca¡eoylspermidine and tri-p-coumaroylspermidine, on mycelial growth of the oat leaf strip pathogen Pyrenophora avenae and on infection of barley with the powdery mildew fungus, Blumeria graminis f. sp. hordei.
Materials and methods

Isolation of spermidine conjugates from oak pollen
The three spermidine conjugates were isolated from pollen of the oak Q. dentata and their structures elucidated as described previously [2] . The chemical structure of the conjugates is shown in Fig. 1 . These compounds have very limited solubility in water and so, for experimental purposes, were dissolved in methanol. In the experiments described below, methanol was added to the controls to give the appropriate concentrations. In preliminary experiments, it was con¢rmed that the concentration of methanol (0.1%) had no e¡ect on fungal growth, fungal infection or polyamine biosynthesis.
Determination of the fungicidal activity of the spermidine conjugates
The e¡ects of the three compounds on infection of barley seedlings with the powdery mildew fungus B. graminis f. sp. hordei Marchal were determined as described previously [8] .
2.3. E¡ect of the spermidine conjugates on growth and polyamine biosynthesis of P. avenae 2.3.1. Growth of P. avenae on solid medium P. avenae was maintained on potato dextrose agar (PDA). Filter-sterilised solutions (10 ml) containing the conjugates were added to 70 ml of sterile PDA at 454 7³C to obtain a ¢nal concentration of 100 WM. Sterile medium (20 ml) was added aseptically to a 90 mm singlevent sterile plastic Petri dish, and a sterile 8 mm diameter cork borer used to remove plugs of mycelium from the edges of stock cultures, which were inverted and placed in the centre of each Petri dish. Control plates contained culture medium plus 0.1% methanol, and inoculated plates were incubated in the dark at 24³C. Radial mycelial growth, excluding the mycelial plug, was measured 3, 6 and 8 days after inoculation.
Growth of P. avenae in liquid medium and
determination of the formation of polyamines from radio-labelled ornithine in the fungus Filter-sterilised solutions (10 ml) containing the compounds were added to 140 ml of sterile potato dextrose broth in 250 ml conical £asks to obtain the desired ¢nal inhibitor concentration. Control £asks contained medium only. Flasks were inoculated with a 10 mm disc of mycelium and placed in a Gallenkamp orbital shaker (140 rpm) at 24³C. After 4 days, the fungus was washed with distilled water through a ¢ne-mesh sieve and centrifuged at 16 000Ug at 0³C for 10 min. The pellet obtained was weighed and used to determine the formation of polyamines from radio-labelled ornithine as described previously [9] .
Statistical analysis
Results were calculated as the means of eight replicates. For fungal growth on solid medium and in liquid culture, results were calculated as the means of 12 and ¢ve replicates respectively, while results for the formation of polyamines from radio-labelled ornithine were calculated as the means of four replicates. All experiments were re- peated with similar results and statistical signi¢cance was assessed using Student's t-test.
Results and discussion
The three spermidine conjugates reduced mycelial growth of P. avenae signi¢cantly when used at 100 WM (Fig. 2) . The greatest reduction was obtained with di-pcoumaroyl-ca¡eoylspermidine, which reduced mycelial growth by 56%, while tri-p-coumaroylspermidine reduced growth by 50% (Fig. 2) . Interestingly, although di-p-coumaroyl-ca¡eoylspermidine reduced powdery mildew infection on barley seedlings when applied both pre-and postinoculation, tri-p-coumaroylspermidine only reduced mildew infection when applied as a post-inoculation treatment. When applied in this way, it reduced mildew infection on barley seedlings by 92% (Fig. 3 ). Trica¡eoylspermidine had no signi¢cant e¡ect on mildew infection. This could indicate that the p-coumaroyl residue in either or both, the N 1 and N 10 position of the spermidine, is required for the activity of the compound. There is a paucity of data on the involvement of HCAs in interactions between plants and pathogenic fungi. However, it has been shown that feruloylputrescine accumulates in potato tubers in response to infection by Phoma exigua [13] and p-coumaroyl-2-hydroxyputrescine accumulated in wheat challenged with rust [9] . In more recent work, a novel HCA, p-coumaroyl-hydroxyagmatine (pCHA) was found to accumulate in barley expressing resistance to powdery mildew [10] . Indeed, pCHA was also shown to exhibit signi¢cant activity against the powdery mildew fungus both in vivo and in vitro [10] .
All of the conjugates a¡ected activity of the polyamine biosynthetic enzyme AdoMetDC and the incorporation of labelled ornithine into polyamines. Thus, di-p-coumaroylca¡eoylspermidine reduced AdoMetDC activity (Fig. 4) and the £ux of label into spermine, while the other two compounds increased AdoMetDC activity and the incorporation of labelled ornithine into spermine (Table 1) . Whether these alterations are related to the antifungal activity of the compounds is not known. Although spermine concentrations were not determined in this work, the data presented indicate an increased biosynthesis of spermine. Spermine is known to exert a direct toxic e¡ect on animal and plant cells [11, 12] , and work on cell-free models suggests that spermine accumulation triggers the activation of caspase-3, leading to the induction of apoptosis [13] . It would be useful to determine whether spermine accumulation is responsible, at least in part, for the antifungal activity of tri-ca¡eoylspermidine and tri-p-coumaroylspermidine. However, spermine accumulation seems unlikely to be responsible for the antifungal activity of di-p-coumaroyl-ca¡eoylspermidine, because spermine bio- Fig. 3 . E¡ects of three spermidine conjugates on powdery mildew infection of barley seedlings. a: treatments applied pre-inoculation, b: treatments applied post-inoculation. A: Di-p-coumaroyl-ca¡eoylspermidine ; B: tri-ca¡eoylspermidine ; C: tri-p-coumaroylspermidine; all compounds used at 100 WM. Signi¢cant di¡erences are shown at *P 6 0.001. Fig. 4 . E¡ects of three spermidine conjugates on AdoMetDC activity in P. avenae. A: Di-p-coumaroyl-ca¡eoylspermidine ; B: tri-ca¡eoylspermi-dine; C: tri-p-coumaroylspermidine ; all compounds used at 100 WM. Signi¢cant di¡erences are shown at *P 6 0.001. Table 1 E¡ect of three spermidine conjugates on the incorporation of radio-labelled ornithine into polyamine in P. avenae Signi¢cant di¡erences as shown at *P 6 0.01 and **P 6 0.001.
synthesis was reduced in P. avenae treated with this compound. Indeed, it is unlikely that reduced intracellular polyamine levels are responsible for the activity of this conjugate since the incorporation of labelled ornithine into putrescine and spermidine was una¡ected by growth of P. avenae in the presence of di-p-coumaroyl-ca¡eoyl-spermidine. Further work will be required to pinpoint the mode of action of these spermidine conjugates.
